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Small non-coding RNAs (sRNA) have emerged as important
elements of gene regulatory circuits. In enterobacteria such as
Escherichia coli and Salmonella many of these sSRNAs interact
with the Hfq protein, an RNA chaperone similar to mammalian
Sm-like proteins and act in the post-transcriptional regulation
of many genes. A number of these highly conserved ribo-regu-
lators are stringently regulated at the level of transcription and
are part of major regulons that deal with the immediate
response to various stress conditions, indicating that every
major transcription factor may control the expression of at least
one sRNA regulator. Here, we extend this view by the identifi-
cation and characterization of a highly conserved, anaerobically
induced small sRNA in E. coli, whose expression is strictly de-
pendent on the anaerobic transcriptional fumarate and nitrate
reductase regulator (FNR). The sRNA, named FnrS, possesses
signatures of base-pairing RNAs, and we show by employing
global proteomic and transcriptomic profiling that the expres-
sion of multiple genes is negatively regulated by the sRNA.
Intriguingly, many of these genes encode enzymes with “aero-
bic” functions or enzymes linked to oxidative stress. Further-
more, in previous work most of the potential target genes have
been shown to be repressed by FNR through an undetermined
mechanism. Collectively, our results provide insight into the
mechanism by which FNR negatively regulates genes such as
sodA, sodB, cydDC, and metE, thereby demonstrating that adap-
tation to anaerobic growth involves the action of a small regula-
tory RNA.

Inrecent years non-coding RNAs have emerged as important
components of regulatory circuits both in bacteria and
eukaryotes (1-3). In enteric bacteria such as Escherichia coli
and Salmonella more than a hundred different sSRNAs” have
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been identified, and a major class consists of trans-encoded
gene regulatory RNAs that act by an antisense mechanism to
activate or, more frequently, to repress translation of target
mRNAs. Many of these sSRNAs are conserved in related species,
are made in response to changes in environmental conditions,
and are required for adaptation to stress or specific growth
conditions. Several common features have been uncovered.
First, the SRNA genes are generally highly regulated at the tran-
scriptional level and are frequently expressed as components of
global regulatory systems. Well studied regulatory cases
include OxyR regulation of OxyS RNA (oxidative stress) (4),
Fur regulation of RyhB RNA (iron limitation) (5), cAMP-CRP
regulation of CyaR and Spot 42 RNA (glucose limitation) (6 -9),
OmpR regulation of MicF, OmrA, and OmrB RNAs (osmotic
shock) (10, 11), o"-mediated transcription of MicA and RybB
RNAs (envelope stress) (2, 12), PhoPQ regulation of MgrR
(Mg*"/Ca*" transport and virulence) (13), and LuxO control of
Qrrl-4 (quorum sensing in Vibrio) (14). Furthermore, small
RNA expression may be under control of a dedicated transcrip-
tion factor, as exemplified by SgrR/SgrS RNA (glucose-phos-
phate stress) (15). Second, pairing typically occurs at or near the
ribosome binding site of the target mRNA, leading to transla-
tional inhibition and concomitant rapid coupled degradation of
sRNA-mRNA duplexes in a degradosome-dependent manner
(16, 17). Such features provide rapid ON/OFF regulatory mech-
anisms and, hence, are ideally suited as reversible switches
responding to stress signals. Moreover, the sSRNAs often regu-
late multiple targets via limited complementarity, and fre-
quently a highly conserved exposed portion of the regulatory
RNA is used for pairing. Finally, all the trans-acting base-pair-
ing RNAs characterized thus far in E. coli and Salmonella asso-
ciate with and require the RNA chaperone Hfq, the bacterial
equivalent of eukaryotic Sm-like proteins (18). In vivo, the pro-
tein stabilizes most of the base-pairing RNAs. Moreover, Hfq
facilitates the base-pairing between sRNAs and their target
mRNAs and strongly enhances the on-rate of duplex formation
in vitro (7, 16, 19 -22). Because Hfq possesses distinct binding
surfaces for U-rich and AG-rich tracks of RNA, it seems likely
that the protein serves as a docking platform to bring RNA
partners in close proximity, thereby increasing the likelihood of
annealing (22-25).

So far, no anaerobically induced small RNA has been identi-
fied or predicted in E. coli. At the level of transcription, the
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VOLUME 285-NUMBER 14+APRIL 2,2010


http://www.jbc.org/cgi/content/full/M109.089755/DC1

adaptive response to anoxia or to O,-limited environments is
coordinated by two global regulators, the FNR protein and the
Arc two-component system, comprising the ArcB sensor
kinase and the ArcA response regulator (26). The two systems
are intimately linked through the genes controlled by both reg-
ulators and the FNR-mediated activation of arcA expression
(27). Both systems become activated in response to anaerobio-
sis, but whereas FNR is a direct O, sensor via an oxygen sensi-
tive [4Fe-4S]*>" cluster, ArcB senses O, availability indirectly by
monitoring the redox state of the quinone pool (28 -30). Fur-
thermore, the regulatory outcome is essentially reciprocal in
that FNR usually activates transcription, whereas ArcA gener-
ally acts as a negative regulator. FNR is a structural and func-
tional homolog of CAP (the catabolite gene activator protein,
also known as CRP), and their DNA binding sites are sulffi-
ciently similar to envisage joint occupation (26, 31). Regulatory
studies along with genome-wide expression approaches have
shown that FNR, directly or indirectly, controls the expression
of numerous gene products in E. coli (>200) (32-35). A major
consequence of the FNR-mediated regulation of gene expres-
sion upon switching to anaerobic growth conditions is a repro-
gramming of energy metabolism to utilize alternative mecha-
nisms of energy conservation in the absence of O, as the
terminal electron acceptor. Furthermore, FNR represses the
expression of genes that are needed for aerobic metabolism
(26).

In this work we report on the identification and character-
ization of a highly conserved, anaerobically induced sRNA in
E. coli, whose expression is strictly dependent on FNR. In keep-
ing with the naming of the OxyR- and SgrR-regulated small
regulatory RNAs (i.e. OxyS and SgrS), it was designated FnrS
(EnR-regulated sRNA). This novel sRNA possessed hallmarks
of base-pairing RNAs, and genome-wide expression ap-
proaches identified multiple candidate target RNAs. We vali-
dated a number of these candidates by various experimental
approaches, including Northern blot analysis and specialized
reporter plasmids for studying post-transcriptional control of
gene expression, and compared our data with previous studies
of FNR-mediated control of gene expression. Specifically, a
number of unexplained regulatory observations around FNR-
mediated repression of gene expression can now be understood
in light of our studies of the FNR-dependent sRNA.

EXPERIMENTAL PROCEDURES

Media, Antibiotics, Strains, and Plasmid—Luria-Bertani
(LB), 2X yeast extract/Tryptone medium (36), and minimal
medium (37) supplemented with either 0.2% glucose or 0.2%
glycerol were prepared as described. When required, the media
were supplemented with 30 or 100 ug/ml ampicillin, 40 pg/ml
chloramphenicol, and 40 ug/ml kanamycin. Protein expression
was induced from the P ,;,04,03 promoter by 1 mMm isopropyl-
B-D-thiogalactopyranoside (IPTG). All strains used were deriv-
atives of E.coli K-12. Strains and plasmids are listed in
supplemental Table S1, and primers are in supplemen-
tal Table S2.

Construction of Strains—The furS knock-out strain was
made by replacing the furS gene with a chloramphenicol resis-
tance cassette as described by Datsenko and Wanner (38).
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Briefly, a PCR amplification product generated using pKD3 as
template and the primers A-furS-fw and A-furS-rv was electro-
porated into S@928. Electroporants were selected and isolated.
The S@928 Afur::kan strain as well as the S@928 AarcA::kan
strain was constructed by P1 phage transduction. Markerless
(chloramphenicol- or kanamycin-sensitive) S@928 AfurS,
S@928 AarcA, and SP928 Afur strains were made by flipping
out the integrated antibiotic resistance cassette using pCP20
(38). All constructs were verified by PCR analysis. The primers
fnrS —139 and fnrS +118, FNR —191 (forward) fw and FNR
+921 (reverse) rv, and arcA fw and arcA rv were used to verify
AfnrS, Afnr, and AarcA, respectively.

Plasmids—Plasmid pAB1000 was derived from pNDM220
(39) by digesting a PCR product with Aatll and BamHI and
subsequent ligation into the same sites of pNDM220. The PCR
product was generated by using the primers Aatll PA104 fnrS
and BamHI 3’ fnrS on S©@928 chromosomal DNA. Plasmid
pAB1001 was derived from pMG25 by partial digestion of a
PCR product with EcoRI and BamHI and subsequent ligation
into the same sites of pMG25. The PCR product ligated into
pMG25 was generated in two steps. In the first step the PCR
fragments A and B were generated by using chromosomal
S0928 DNA as the template. The primers pMG25_fnrl and
Fnr D154A rv were used to introduce an EcoRI site and the
D154A point mutation in the PCR fragment in the extreme 3’
end. The PCR product, which contained the D154A point
mutation in the extreme 5’ end and a His in the 3’ end as well
as a BamHI site was made by using the primers Fnr D154A fw
and pMG25_fnr2-His6. In the second step the two PCR frag-
ments containing overlapping sequences in the 3’ and 5’ ends,
respectively, were used as the template, and the primers
pM@G25_fnrl and Fnr D154 A fw were used to synthesize the
final PCR product. All plasmid modifications were verified by
DNA sequencing. To study the FnrS-mediated translational
control on a number of mRNA targets, we have used the green
fluorescent protein (GFP)-based reporter system developed by
Urban and Vogel (40). Briefly described, the full-length 5'-un-
translated region and 30 bp of the N-terminal coding region of
metE, sodA, sodB, and yobA was amplified by PCR and subse-
quently fused translationally to the 5’ terminus of GFP in the
pXG-10 vector. This in turn generated the plasmids pAB1002
(metE'::gfp), pMO99 (sodA':gfp), pMO101 (sodB':gfp), and
pAB1005 (yobA':gfp). The relevant primer pairs are listed in
supplemental Table S2. All constructs were verified by DNA
sequencing using the primers pZE-CAT and pJVO-155 to
amplify the region of interest.

Protein Expression and Purification—The E. coli Hfq protein
was expressed and purified as described (7). Strain AB102 was
used to overexpress FNR D154A-His,. Briefly, strain AB102
was grown at 37 °C in 500 ml of LB with appropriate antibiotics
until an A, of 0.5. Expression of the His-tagged protein was
induced by the addition of 1 mm IPTG for 4 h. Cells were har-
vested, resuspended in 15 ml of lysis buffer (50 mm sodium
phosphate, pH 7.0, 300 mm NaCl) supplemented with Com-
plete protease inhibitor mixture (Roche Applied Science), and
lysed three times in a French press at 10.000 p.s.i. Lysate was
cleared by centrifugation at 20,000 rpm for 45 min at 4 °C. The
cleared supernatant was loaded onto a TALON His-tag Affinity
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Resin (Clontech) column, and the protein was purified under
native conditions as recommend by manufacturer. The eluate
was dialyzed against phosphate-buffered saline buffer contain-
ing 10% glycerol and subsequently stored at —80 °C.

Transcriptome Analysis—Global gene expression analysis
was carried out using E. coli glass-slide microarrays (E. coli
K-12 V2 OciChip, Ocimum Biosolutions) as previously de-
scribed (20). In brief, strains S@928/pNDM220 (control) and
S0928/pAB1000 carrying an ectopic copy of the sSRNA gene
under the control of the inducible P, ; ,, promoter were grown
in LB medium to early exponential phase and induced with 1
mM IPTG for 10 min. In a parallel experiment wild-type and
S©928 AfurS were grown aerobically to early exponential phase
after which the growth condition was changed to anoxic for 30
min by incubation in an air tight tube without agitation or air.
Total RNA from the four strains was extracted, and Cy3- and
Cy5-labeled cDNA probes were synthesized. Probe synthesis
and hybridization was carried out as described (20). Each exper-
imental condition was performed as three independent biolog-
ical replicates, and each replicate included a dye swap replica-
tion. Background-subtracted fluorescence intensity data were
subjected to further analysis using the TM4 microarray soft-
ware suite (41). In short, the data sets were subjected to Lowess
print-tip normalization and further intensity-filtered. Only
genes passing a One Class ¢ test (p value <0.05) were consid-
ered in the initial analysis. Genes whose expression were nega-
tively regulated by FnrS were selected by the criterion that they
exhibited a decreased expression ratio upon FnrS overproduc-
tion and an increased expression ratio in an furS deletion strain
during anaerobic growth conditions. Vice versa, genes whose
expression were positively regulated by FnrS were selected by
the criterion that they exhibited an increased expression ratio
upon FnrS overproduction and a decreased expression ratio in
an furS deletion strain during anaerobic growth conditions.

Northern Blot Analysis—Total RNA extraction and Northern
blot analyses were done as described (42). FnrS and the tar-
get mRNAs sodA and sodB as well as metE'::gfp, sodA':gfp,
sodB'::gfp, and yobA'::gfp constructs were detected using y->*P
end-labeled DNA oligos (supplemental Table S2).

Half-life Determination of FnrS—Cells were grown aerobi-
cally to an A 5, of 0.4, and then growth was continued under
anaerobic conditions for 20 min to induce expression of FnrsS.
At this point the culture was poured into 15-ml tubes contain-
ing 300 ug/pl rifampicin (final concentration). To maintain
anaerobic growth conditions, the tubes were filled to the very
top and sealed with butyl rubber plugs. At the indicated times,
each sample was chilled in liquid nitrogen and collected by cen-
trifugation at 0 °C. The expression level of FnrS was monitored
upon a shift from anaerobic to aerobic conditions. In brief,
wild-type cells were grown anaerobically for 120 min after
which the culture was vigorously aerated. Samples were col-
lected and treated as described above. To determine the half-
life of FnrS induced under aerobic conditions, strain S©928
AfurS/pNDM220-fnrS was grown under aerobic conditions to
mid-exponential phase (4,5, = 0.4) after which IPTG (1 mm
final concentration) was added to the culture. After 20 min of
induction, synthesis from the P,,,54,03 pPromoter was termi-
nated by harvesting and resuspending the cells in an equal vol-
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ume of prewarmed medium supplemented with 0.2% glucose to
wash out the inducer. At the indicated times each sample was
chilled in liquid nitrogen and collected by centrifugation at
0 °C. In all three experiments the extracted RNA was analyzed
by Northern blotting as described. The intensities were nor-
malized and plotted, and the RNA half-life was subsequently
calculated using the slope from each plot.

Primer Extension Analysis—Primer extension analysis was
carried out according to Franch et al. (43). To map the furS
transcription start site, primer firS RT-primer #1 was used for
the reverse transcription reaction (supplemental Table S2). The
sequence ladder was synthesized using a PCR template gener-
ated by using primers fnrS —139, furS +118, and S©928 chro-
mosomal DNA as template. Primers cydD-pxt+32-r and cydD
pxt+70-r were used to map and analyze the expression of the
c¢ydDC 5’ end, whereas cydD-pxt-169-f was used as forward
primer for the synthesis of the sequence ladder.

Electrophoretic Mobility Shift Assays—All binding assays was
carried out in a 10- or 20-ul standard reaction in 1X binding
buffer and incubated for 20 min at 37 °C before the addition of
5 ul of loading buffer (5% glycerol, 0.1% xylene cyanol). The
samples were subsequently subjected to native PAGE on 5%
polyacrylamide gels at 4 °C in 0.5X TBE (0.05 m Tris-HCI, pH
8.4, 0.045 M boric acid 0.005 m EDTA). Gels were subjected to
phosphorimaging or direct fluorescent scanning on a Typhoon
Trio scanner (GE Healthcare). Binding of Hfq protein to FnrS
RNA was carried out in 1X Hfq binding buffer (20 mm HEPES,
pH 8, 100 mm KCl, 1 mm MgCl,, 1 mm DTT) using 4 nm of 3*P
5’ end-labeled FnrS and increasing amounts of Hfq in the pres-
ence of a 500-fold molar excess of E. coli tRNA (Roche Applied
Science) in a 10-ul total volume. To analyze the interaction of
FNR D154A-His, to Py, a Cy5 end-labeled PCR product cov-
ering 147 bp upstream and 47 bp downstream of the transcrip-
tion start site of furS was generated using the primers furS —147
fw and furS +47 rv. Relevant amounts of purified FNR D154A-
His, were incubated with a total of 2 nm P, DNA probe in 1X
ENR binding buffer (20 mm Tris-HCI, pH 7.5, 100 mm KCl, 2
mM MgCl,, 1 mm DTT, 50 pg/ul bovine serum albumin) under
standard binding conditions (20 ul volume) supplemented with
0.1 mg/ml sonicated salmon sperm DNA. A PCR product
(primers narK —150 fw and narK +63) covering 150 bp
upstream and 63 bp downstream of the transcription start site
of narK was used as a positive binding control (44). The E. coli
relBE promoter-operator fragment relO, ., was used as a con-
trol for specificity (45). Hfq-sSRNA-mRNA interactions were
carried out in 1 X Hfq binding buffer (20 mm HEPES, pH 8, 100
mm KCl, 1 mm MgCl,, 1 mmDTT) using 2 nm3?P 5’ end-labeled
FnrS, 2 uMm tRNA either in the presence or absence of 0.33 uMm
Hfq (hexamer concentration) and relevant amounts of either
s0dA or sodB in a total volume of 10 ul.

In Vitro Synthesis and Labeling of RNA—The sodA and sodB
RNA probes and FnrS were prepared by in vitro transcription
(MegaScript, Ambion) with 1 ug of PCR template as the input
DNA. The FnrS, sodA, and sodB PCR products were obtained
by using S@928 chromosomal DNA as the template and the
primer sets furS T7 fw and furS T7 rv, sodA T7 fw and sodA T7
rv, and sodB T7 fw and sodB T7 rv, respectively. Each in vitro
transcript was DNase I-treated before PAGE separation on a 6%
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8 M urea denaturing gel. The RNAs were extracted from the gel
and quantified on a NanoDrop 1000 (Thermo Scientific). If
required, the transcripts were radiolabeled at the 5’ end with
[y-**P]ATP using the KinaseMax kit (Ambion).

One-dimensional SDS-PAGE and Western Blot—Culture
samples were grown under either aerobic or anaerobic condi-
tions for six generations to A,;, = 0.4 if not stated otherwise.
The cell pellet was resuspended in 1X SDS loading buffer (60
mM Tris-HCI, pH 6.8, 2% SDS, 10% glycerol, 0.005% bromphe-
nol blue, 5 mm EDTA, 0.1 M DTT) to a final concentration of
3 X 10° cells/ul. Whole-cell protein fractions were boiled for 5
min and separated on a 12% Tris-glycine SDS-polyacrylamide
gel. Proteins were visualized by silver staining as described by
the Vorum silver-staining protocol modified for mass spec-
trometry as described in Mortz et al. (46). For detection of
GroEL and GFP fusion constructs, total protein from 1.5 X 10”
cells was loaded onto 4 —12% Invitrogen NuPage novex Bis-T'is
mini gels. The gels were blotted for 60 min at 0.8 mA/cm? in a
Hoefer SemiPhor blotter tank (Amersham Biosciences) onto a
polyvinylidene difluoride membrane (Millipore) in transfer
buffer (48 mwm Tris, pH 9, 20% methanol, 39 mwm glycine,
0.0375% SDS). The protein membranes were handled using a
SNAP inner diameter protein detection system (Millipore) as
recommended by the manufacturer. The «-GFP (Roche
Applied Science) and a-GroEL (Sigma) monoclonal antibodies
were diluted either 1:100,000 or 1:20,000, respectively. Mouse
and rabbit horseradish peroxidase-conjugated secondary anti-
body was diluted 1:2000 (DakoCytomation). Blots were devel-
oped using Western lightning reagent (PerkinElmer Life Sci-
ences). The signal was detected and quantified using the
Quantity One software associated with the ChemiDoc XRS sta-
tion (Bio-Rad).

[P°S|Methionine Pulse Labeling and Two-dimensional Gel Elec-
trophoresis—Strains S@928AfnrS/pNDM220 and S@928AfurS/
pNDM220-fnrS were grown in minimal medium supplemented
with 0.2% glucose. Exponentially growing cultures (4,5, = 0.3)
were induced with 0.5 mm IPTG for 30 min before [>*S]methi-
onine pulse-labeling. Samples (2 ml) were labeled with 20 uCi
of carrier-free [**S]methionine and incubated at 37 °C for 2 min
followed by a chase with unlabeled methionine (0.2 mg/ml) for
1 min. The chase was terminated by the addition of 5 ul of
chloramphenicol (50 mg/ml) to stop protein synthesis. Cells
were collected by centrifugation at 0 °C and lysed by sonication
in sonication buffer (50 mm Tris-HCI, pH 8.8, 50 mm KCI, 5 mm
B-mercaptoethanol) supplemented by Complete protease
inhibitor mixture (Roche Applied Science). The proteins were
precipitated by ethanol/acetone precipitation and resuspended
in IPG buffer (7 M urea, 2 M thiourea, 2% CHAPS, 0.4% DTT,
0.5% Pharmalyte 3-10, 0.5% IPG 6-11 buffer). Two-dimen-
sional gel electrophoresis was carried out according to
Rogowska-Wrzesinska et al. (47). Protein samples containing
equal amounts of total [**S]methionine radioactivity (5 X 10°
cps) were loaded onto first-dimension gel strips for in-gel
rehydration (18-cm Immobiline Drystrip, pH 4-7, GE
Healthcare) and subjected to isoelectric focusing. Second-
dimension gel electrophoresis was performed using a Pro-
tean II XL system (Bio-Rad) and laboratory-made 12.5%
(w/v) acrylamide gels (acrylamide: N:Nk-ethylene-bisacryl-
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amide ratio 200:1). Gels were finally dried and subjected to
phosphorimaging.

Mass Spectrometry—Protein spots of interest were excised
from one- and two-dimensional gels and placed in MilliQ
water. The proteins were in gel-digested as described by
Prokhorova et al. (48). Peptide mass fingerprints and MALDI-
TOF/TOF spectra were obtained on an UltraFlex MALDI-
TOF/TOF instrument (Bruker Daltonics). All peptide mass fin-
gerprints were two-point internally calibrated using known
masses of tryptic peptides and annotated by the Bruker Dalton-
ics flexAnalysis software Version 2.2. The data were searched
against the NCBInr data base in the entries for eubacteria using
an in-house MASCOT server (Matrix Science). Peptide toler-
ance was set to 120 ppm for peptide mass fingerprints and 0.9
Da for MALDI-TOF/TOF spectra. Cysteine carbamidomyala-
tion was set as a fixed modification. Methionine oxidation was
set as a variable modification. One missing cleavage was
allowed per peptide. For positive protein identification the
score of the result of (X 10 log p) had to be over the significance
threshold level (p, 0.05). However, if the score was below the
significance threshold, a number of criteria were used, i.e. (i)
identification of the organism of interest, (ii) theoretical size of
the data base hit versus the observed size in the one-dimension
gel, and (iii) manual analysis of the quality of the TOF/TOF
spectrum.

RESULTS

Identification of FnrS RNA and Characterization of Its
Expression Pattern—As a starting point for detecting putative
ENR-controlled sRNAs in E. coli, we considered a number of
common properties of previously identified sSRNAs. First, the
non-coding RNA transcripts range in average from 50 to 250
nucleotides in length, and the sRNA-encoding genes are
located primarily in intergenic regions (IGR). Second, they are
generally produced as single transcripts, and transcription nor-
mally terminates with a Rho-independent terminator consist-
ing of a base-paired hairpin followed by a string of U residues.
We, therefore, carried out searches for sequences in IGRs of the
E. coli genome that contain a near consensus DNA binding site
for FNR followed by a potential termination signal and that are
separated by 100-350 bp. Specifically, a simple pattern search
at the Colibri Web Server for sequences possessing the
underlined part of the FNR consensus binding motif,
5'-TTGATN,ATCTT-3" and ending with a string of seven T
residues resulted in a single candidate SRNA gene localized in
the ydaN-dbpA IGR (Fig. 1A). Intriguingly, on the basis of high
conservation, an sRNA candidate has been predicted to be
encoded in this IGR (designated RydA), but no expression was
detected by gene array or Northern blot analysis (49). Further-
more, the promoter region of the candidate gene has been iden-
tified as a strong target for FNR in a study that investigated the
binding of this global regulatory protein for anaerobic metabo-
lism across the entire E. coli chromosome (50). In addition, an
Hfgq-bound sRNA species in the same IGR was identified
recently in a deep sequencing study of Hfg-bound RNAs in
Salmonella (gene STnc580) (51).

To verify that furS transcription is indeed controlled by FNR,
we analyzed by Northern blot the expression profile of this
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FIGURE 1. Schematic organization of the fnrS chromosomal region and conservation of the promoter region. A, genetic organization of the E. coliregion

encoding fnrSis shown. Arrows indicate the direction of transcription, and stem-

loop structures of the predicted p-independent terminator are indicated by a

lollipop.The fnrS geneis highly conserved in a wide range of enterobacteria. B, alignment of the fnrS promoter region of E. coli K-12 (ECO), Klebsiella pneumoniae
(KPN), Salmonella typhimurium (STY), Citrobacter rodentium (CRO), Sodalis glossinidius (SGL), Yersinia pestis (YPE), Edwardsiella (EDW), Serratia marcescens (SMA),
Dickeya dadantii (DDA), Enterobacter sakazakii (ESA), Cronobacter turicensis (CTU), Proteus mirabilis (PMI), Photorhabdus asymbiotica (PHO), and Providencia
stuartii (PST) by the ClustalW program. The —10 promoter element and the FNR DNA binding site are highlighted in gray. The transcription start site of the E. coli

fnrS gene is indicated by an arrow.

sRNA in cells cultured under aerobic or anaerobic growth con-
ditions (+0O, or —0,) and under anaerobic growth conditions
in the presence or absence of FNR. The results presented in Fig.
2A show that expression of FnrS occurs in wild-type cells only
under anaerobic growth conditions. Within 20 min after a sud-
den shift to anaerobic growth (time 0) the cellular level of the
sRNA increased >100-fold. Furthermore, the anaerobic tran-
scription of furS was abolished in a Afur strain, thus demon-
strating that the global regulatory protein FNR induces FnrS
transcription in response to anoxic growth conditions. Because
ArcA operators are poorly defined and because of potential
overlap between FNR and CAP DNA binding sites, we also
examined anaerobically induced FNR production in arcA and
crp deletion strains. As shown in Fig. 24, lower panels, furS
transcription is switched on in a manner quite similar to that
seen for the wild type, but initially the induction is somewhat
delayed by each mutation. In this regard we note that the two
mutant strains grew slower than the parental strain, indicating
that it takes more time for the ArcA- and CAP-deficient cells to
deplete the medium for oxygen after a sudden shift to anaerobic
growth. Therefore, the reduction in initial transcription might
be attributed to the growth rate rather than to a direct effect of
ArcA/CAP.

We confirmed by electrophoretic mobility shift assays that
ENR associates with the near FNR consensus binding motif of
furS (data not shown), and primer extension analyses of FnrS
RNA showed that the 5" end most likely corresponds to bp
1.407.153 of the E. coli chromosome (Fig. 2B). Thus, the FNR
binding site is located at a proper distance for activation (i.e.
—42.5), and a potential ¢’° Pribnow box (CAATAT) for this
initiation point was detected as well (Fig. 1B). Furthermore,
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these sequence elements are conserved in putative furS gene of
other enterobacterial species (Fig. 1B). Assuming that furS tran-
scription terminates at the terminal uridine of the predicted
Rho-independent terminator (corresponding to position
1.407.274 of the E. coli chromosome), the length of FnrS is 122
nucleotides, which is in perfect agreement with the ~120-nu-
cleotide RNA detected in Northern blot analysis. The FnrS sec-
ondary structure, as predicted by the folding program Mfold, is
shown in Fig. 2C.

Role of Hfq and Turnover of FurS—The Hfq protein has been
found to be necessary for the action of many trans-encoded
sRNAs and, as mentioned, was reported to interact with Salmo-
nella FnrS in immunoprecipitation experiments (51). To con-
firm these data, we examined the ability of the RNA chaperone
to associate with the sRNA using gel-shift assays. The results
presented in Fig. 3A show that hexameric Hfq binds fairly well
to FnrS (apparent K, ~ 0.03 um). Accordingly, the SRNA bears
a typical recognition site for Hfq around position 60, consisting
of a single-stranded U-rich track flanked by a hairpin (Fig. 2C).

Given that Hfq is important for the stability of many of the
small regulatory RNAs, we next determined the half-life of FnrS
in the presence or absence of Hfq. To this end anaerobically
grown cells were treated with the transcription inhibitor rifam-
picin, and aliquots of cells were taken for Northern blot analysis
at different intervals after the addition of the drug (Fig. 3B). In
the wild-type strain, FnrS was very stable (half-life ~ 100 min),
whereas the stability of the small RNA was dramatically
decreased (~15-fold) in a mutant strain background deleted for
hfg (Fig. 3B). This is consistent with what has been reported for
other RNAs (e.g. Spot 42, RyhB, and MicM) (7, 17, 20) and
indicates that Hfq also associates with FnrS in vivo, thereby
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FIGURE 2. Transcriptional regulation of fnrS. A, shown is anaerobic regulation of FnrS RNA expression. Wild-
type (WT) strain S@928 and isogenic derivatives containing a chromosomal deletion of fnr, crp, or arcA, respec-
tively, were grown with aeration in LB medium at 37 °C to exponential growth phase (A,5, ~ 0.3). Samples were
taken before (lane 1; 0 min) and after (lanes 1-3; 10, 20, 30 min) anaerobic incubation. The levels of FnrS were
determined using Northern blot analysis. B, the transcription start site of the E. coli fnrS gene was determined
by primer extension analysis with total RNA isolated from S@928 grown under anaerobic growth conditions
(rightmost lane). C, shown is the predicted secondary structure for E. coli FnrS from Mfold (67). The conserved
segment of the sSRNA that possesses sequence complementarity to the translational initiation region of target

mRNAs as well as the predicted binding site for Hfq is marked by a filled line.

protecting it against endonucleolytic cleavage. We further mea-
sured the stability of the SRNA in the presence of ongoing tran-
scription, which in the case of FnrS can be carried out simply by
shifting from anaerobic to aerobic growth conditions (Fig. 3C).
As found for a number of stress-induced small RNAs that act by
an antisense mechanism (13, 17), FnrS was much more stable in
cells in which transcription had been stopped by the antibiotic
rifampicin than in cells with ongoing transcription (compare
Figs. 3, B and (), suggesting that FnrS degradation was pro-
moted by the presence of its target mRNAs. Similarly, a rapid
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turnover was observed in a strain
carrying an ectopic copy of furS
under tight control of the inducible
Pai/0a lac promoter derivative
- (present on the R1 low copy number
derivative pNDM-fnrS; ie. in this
background the production of the
sRNA can be turned on/off very rap-
idly by adding or removing the
inducer IPTG) (Fig. 3D).

Target Identification—Collectively
the findings above hinted that
FnrS RNA has roles in regulating
target mRNAs via base pairing.
Thus, in an attempt to further our
understanding of the biological
role of FnrS, we sought to identify
putative target genes through
genome-wide expression studies.
Specifically, we examined the con-
sequences of FnrS expression on
mRNA abundance under two con-
ditions. In the first set of experi-
ments, the chromosomal copy of
fnrS was deleted, and FnrS was
expressed for 10 min from pNDM-
fnrS during aerobic conditions and
compared with cells carrying an
empty pNDM220 vector. Under
these conditions, we estimate that
levels of FnrS were slightly higher
(~2-fold) than that induced anaero-
bically from the chromosome. In
the second set of experiments, the
transcriptome of wild-type and
FnrS-deficient cells was compared
30 min after a sudden shift to anaer-
obic conditions. In both sets of
experiments, the strains were grown
in LB at 37 °C; each experiment was
carried out in triplicate. From the
processed array intensity signals for
all genes, a total of 48 genes dis-
played either increased (11) or
decreased (37) expression levels
(1.5-fold, p < 0.05) upon short term
FnrS expression during aerobic
condition (supplemental Table S3).
Similarly, a total of 19 genes displayed either increased (16) or
decreased (3) expression levels (1.5-fold, p < 0.05) in the furS
deletion strain under anaerobic condition (supplemental
Table S3). Only genes whose expression level changed recip-
rocally between the two conditions (i.e. decreased under the
first condition and increased under the second condition)
were considered as potential negative or positive targets of
FnrS (Table 1).

Potential FnrS Targets—Of the 16 genes organized into 11
putative operons listed in Table 1, sodB and gpmA mRNAs dis-
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FIGURE 3. Hfq binding and Northern blot analysis of FnrS stability in the
absence and presence of ongoing transcription. A, shown is a gel mobility
shift assay of Hfq binding to FnrS RNA. Samples containing a 5" end-labeled
transcript of sSRNA (4 nm final concentration) were incubated with increasing
amounts of Hfq. Final hexameric concentrations of Hfq were 3.3 nm (lanes 2),
16.6 nM (lanes 3),83.3 nm (lanes 4), and 333.3 nm (lane 5). No protein was added
to the binding reaction (lanes 1). B, exponentially grown cultures of wild-type
and Ahfqg strains were treated with rifampicin to block new transcription.
Samples were taken at the indicated times, and total RNA was extracted. FnrS
RNA levels were analyzed by Northern blot analysis. Estimated half-lives (t:,)
are shown in panel E. C, shown is turnover of FnrS in the presence of ongoing
transcription. Wild-type (5@928) cells were grown anaerobically for 120 min,
after which the culture was vigorously aerated. Samples were taken at the
indicated times, and RNA was extracted and probed for FnrS. D, shown is
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played the most dramatic decrease in expression in response to
EnrS overexpression, with a 4- and 5-fold decrease, respec-
tively, in their mRNA levels (Table 1). gpmA encodes the glyco-
lytic enzyme, phosphoglyceromutase 1, which catalyzes the
interconversion of 2-phosphoglycerate and 3-phosphoglycer-
ate, and sodB encodes an iron-containing superoxide dismutase
(Fe-SOD), which removes O, , a highly toxic form of oxygen.
Intriguingly, the expression of both genes was shown to be
repressed under anaerobic growth conditions in an FNR-de-
pendent manner (32, 34); however, no well conserved FNR con-
sensus binding site was found to be present in the promoter
region of gpmA and sodB, leaving the regulation by FNR
unexplained.

Several other FnrS-dependent genes/operons (yobA, folE,
and folX) had previously been found to display FNR-dependent
mRNA expression (32-34). Furthermore, the 5'-untranslated
regions of gpmA, sodB, and yobA all display high sequence
complementarity to a putative single-stranded region of FnrS
RNA (Fig. 2C and supplemental Fig. S1). Thus, gpmA, sodB, and
yobA are strong potential target candidates for antisense regu-
lation by FnrS.

Among the negatively regulated FnrS target genes whose
products are related to oxygen metabolism, we identified, in
addition to sodB, genes of the cydDC operon (b0886 and
b0887). This operon encodes an ATP-dependent transporter of
glutathione required for maintaining balanced redox control in
the periplasm and for assembling cytochrome ¢ and periplas-
mic cytochrome bd (52, 53). Furthermore, the yceJI operon
encodes a cytochrome b561 homolog that was reported to be
negatively regulated by FNR (32-34). Only a single gene, y1aO,
encoding a putative inner membrane transport protein, was
found to be positively regulated by FnrS. However, expression
of this gene has not been reported to be down-regulated anaer-
obically in strains lacking FNR. Taken together, our microarray
data identified multiple potential targets for negative regulation
by FnrS RNA.

Validation of Specific Targets—Selected targets from tran-
scription profiling were examined further by Northern blot
analysis. Among the potential direct targets was the sodB mes-
sage, and consistent with the array data, short term induction of
FnrS expression from plasmid pNDM-fnrS resulted in near
complete elimination of this transcript in aerobically grown
AfurS cells (Fig. 4A, left side). In stark contrast, the Northern
blot showed that the steady-state sodB mRNA level in an kfg
deletion strain remained almost unaffected upon short term
overexpression of the sRNA (Fig. 4A, right side). Thus, the
FnrS-mediated regulation of sodB expression appears strictly
dependent on Hfq, suggesting that the ribo-regulator acts by an
antisense mechanism. Furthermore, as compared with wild-

decay of FnrS upon IPTG-controlled expression. Strain S@928/AfnrS/
pNDM220-fnrS was grown aerobically in LB with ampicillin (30 ug/ml) to
an A,so of 0.4, and IPTG was added (1 mm final concentration) for 20 min
The culture was centrifuged briefly to wash out the inducer and resus-
pended in an equal volume of prewarmed LB. Samples were taken at the
indicated times, and RNA was extracted and probed for FnrS. E, shown is a
graphical presentation of FnrS decay calculated from the experiments
shown in panels B, C,and D. Full-length FnrS levels from the Northern blots
were quantified and normalized as described under “Experimental
Procedures.”

VOLUME 285-NUMBER 14+APRIL 2, 2010


http://www.jbc.org/cgi/content/full/M109.089755/DC1

TABLE 1

Potential FnrS regulated target genes
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-Fold change” +0,

-Fold change” O,

FNR“-regulation and

Gene Blattner no. Function SurS* Py, furS™ pValue furS™¢ vs. wild type pValue potential base-pairing*
FnrS-repressed target genes
gpmA b0755 Phosphoglyceromutase 1 —4.75 0.002 1.75 0.009 +,+
ybjC b0850 Predicted inner membrane protein —2.88 0.004 1.37 0.025 -
ybjB b0851 Modulator of drug activity —248 0.020 1.35 0.025 -
cydC” b0886 Predicted inner membrane protein —1.82 0.030 1.28 >0.05 +,—
cydD b0887 ATP binding component of cytochrome-related —2.79 0.007 1.57 0.033 +,—
transport
yeel” b1056 Base-induced periplasmic protein —2.42 >0.05 2.58 0.002 +,—
yce] b1057 Predicted cytochrome by, —3.25 0.025 3.04 0.002 +,—
marA b1531 Multiple antibiotic resistance transcriptional —2.46 0.028 1.55 0.010 +,—
activator of defense systems
sodB b1656 Superoxide dismutase, iron —3.72 0.018 1.71 0.000 +,+
yebY b1839 Predicted protein —3.59 0.003 2.45 0.008 +,—
yebZ b1840 Putative resistance protein —2.13 0.041 1.99 0.025 +,—
yobA” b1841 Conserved protein —-1.39 >0.05 1.69 0.038 +,+
folE b2153 GTP cyclohydrolase I —2.51 0.003 1.48 0.044 +,—
SfolX b2303 Dihydroneopterin triphosphate 2’-epimerase —2.44 0.012 1.74 0.007 +,—
ytf] b4216 Conserved protein —2.25 0.049 3.12 0.001 +,—
FnrS-activated target gene
yhaO b3110 Putative inner membrane transport protein 4.57 0.045 —241 0.003 -

“ Positive -fold change denotes increasing gene expression levels compared to a reference, whereas negative -fold change denotes decreasing gene expression levels compared to

a reference.

b fiurS* " versus furS~ denotes aerobic (+0,)-grown cultures subjected to ectopic firrS pulse induction (10 min) from pNDM220-fnrS in firS™ background compared to an

isogenic reference strain containing a similarly induced empty vector.

¢ furS™ versus wild type denotes anaerobic (—O,, 30 min)-grown finrS™ culture compared to similarly treated wild-type reference.

¥ Negative anaerobic FNR regulation in any of Refs. 32—34.

¢ Sequence complementarity and possible base pairing between FnrS RNA and the TIR region of target mRNA.
/ Genes located in the same operon as genes that pass the filtering criteria are included in the table if the direction of change of expression is consistent with the other gene(s) of

the operon.

type cells, the sodB transcript increased over time in AfurS cells
upon a sudden shift to anaerobiosis (Fig. 4B).

FnrS possesses significant sequence complementarity to the
translational initiation region (TIR) of sodB, and most of this
pairing is conserved in several enterobacteria. Moreover, the
sodB complementary region resides within a predicted single-
stranded region of the sSRNA (see Figs. 2C and 4C). To test
whether FnrS might bind the complementary sequence in
sodB-TIR, we performed gel mobility assays (Fig. 4D). When a
constant amount of 5’ end-labeled FnrS RNA (2 nm) was incu-
bated with increasing amounts of unlabeled RNA substrate car-
rying the sodB TIR, no or very little complex formation was
observed in the absence of Hfq (Fig. 4D, lanes 2—4). In the
presence of Hfq, however, complex formation was strongly
enhanced; thus, at a sodB RNA concentration of 100 nm more
than 90% of the binary FnrS-Hfq (lane 5) was shifted into a
ternary FnrS-Hfq-SodB’ RNA complex (lane 7).

It seemed plausible, based on the results described above,
that FnrS binds in an Hfq-dependent manner to the sodB-TIR,
thereby leading to a reduction of the SodB protein synthesis
rate and in a consecutive drop in the stability of the sodB
mRNA. To substantiate this assumption, we employed a GFP-
based plasmid system that specifically assays post-transcrip-
tional regulation (40, 54). It involves ectopic co-expression of
an sRNA and a translational gene fusion between a potential
target mRNA sequence and the gfp gene. A key feature of the
system is a constant transcription rate of both SRNA and target
RNA, and therefore, only control at the post-transcriptional
level is expected to affect the expression of the gfp fusion. Here,
the 5’ end portion of sodB, spanning the 5’-untranslated region
and the first 10 codons, was cloned into the low copy number
gfp fusion vector pXG10. Transcription starts as in chromo-
somally encoded sodB gene and is driven by a constitutive Ap;,
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promoter derivative. The resulting plasmid was introduced in
AfurS cells harboring pNDM-fnrS or the empty vector
pNDM220 (control), and transformants were grown aerobi-
cally in the presence of 1 mm IPTG for five to six generations
before samples were taken for determination of the effects of
FnrS expression on sodB’::gfp RNA and SodB::GFP protein syn-
thesis by Northern and Western blot analysis, respectively.
Note that we employed a single-copy vector rather than a high
copy vector for SRNA expression (40). In addition, cell samples
were examined from anaerobically grown cultures of wild-type
and AfurS strains harboring the pXG10-sodB::gfp expression
plasmid. The results presented in Fig. 4F show that the cellular
protein and mRNA levels under anaerobic growth conditions
were increased (~2-fold) by deletion of the firS gene (compare
lanes 1 and 2) and reduced ~3-fold under aerobic growth con-
ditions by ectopic expression of the sSRNA (compare lanes 3 and
4). On this basis we infer that FnrS specifically represses sodB
expression by targeting the TIR region, most likely by an anti-
sense mechanism.

Other potential targets identified in the array experiments
included the yobA-yebZY operon and the cydDC genes encod-
ing two glutathione ABC transporters that are important for
maintenance of an optimum redox balance in the periplasm
(Table 1). To validate FnrS-mediated negative regulation of
these long operon transcripts, we employed primer extension
analysis for the ¢ydDC message. In accordance with the array
data, the analysis revealed that the 5’ end portion of the tran-
script, starting at position —36 relative to the start codon, was
rapidly reduced upon induction of furS expression under aero-
bic growth conditions while accumulating in AfurS cells in
response to anoxia (Fig. 5A4). Collectively, these findings indi-
cate that the cydDC mRNA is a direct target of FnrS.
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FIGURE 4. FnrS-mediated repression of sodB expression and roles of Hfq. A, strains SG928AfnrS/pNDM220,
S@928AfnrS/pNDM220-fnrS, SB928Ahfq/pNDM220, and S@928 Ahfq/pNDM220-fnrS were grown aerobically
in LB media to an A5, of 0.4 and then induced by the addition of IPTG (final concentration 1 mm). Samples were
taken before (time 0), and 10 min after induction and total RNA was extracted. The sodB mRNA and FnrS RNA
levels were analyzed by Northern blot. B, shown is accumulation of sodB mRNA in the absence and presence of
FnrS RNA upon a sudden shift from aerobic to anaerobic growth. Aerobically grown cells of S@928 and
S@928AfnrS were shifted to anoxia at time 0. Samples were taken at the indicated times, and RNA was extracted
and probed for sodB mRNA and FnrS RNA. C, shown is putative base pairing between FnrS RNA and sodB mRNA.
The translation start site is indicated. D, Hfq cooperates in RNA-RNA interaction. Samples containing 5’ end-
labeled FnrS RNA (2 nm) and increasing amounts of unlabeled sodB’ RNA substrate (from —53 to + 97 relative
to the translation start site) were incubated in the absence (lanes 7-4) or in the presence of Hfq (lanes 5-8), and
complex formation was monitored in a electrophoretic mobility shift experiment. sodB’ RNA concentrations
were as indicated, and the Hfg “hexamer” concentration was 0.33 um. Unbound FnrS RNA and complexes
corresponding to Hfg-FnrS RNA and FnrS RNA-Hfg-sodB’ RNA are indicated by arrows. E, target validation by
translational sodB::gfp fusion is shown. In one experiment E. coli strains S@928 and S@928 AfnrS carrying the
target fusion plasmid were grown anaerobically in LB media for at least six generations (A5, ~ 0.4) (lanes 1 and
2).In another experiment the AfnrS/pNDM220 and AfnrS/pNDM220-fnrS strains carrying target fusion plasmid
were grown aerobically to an A,s, of 0.4 in the presence of IPTG (1 mwm final concentration) (lanes 3 and 4). For
both experiments cells samples were subjected to Western blot analysis with monoclonal a-GFP antibodies
(upper panel) and to Northern blot analysis of gfp-fusion mRNA and FnrS RNA (second and third panels). GroEL
and 5S were used as loading control for Western and Northern blots, respectively.

sodB'::gfp fusion, the absence of
FnrS caused an increase in the
level of the GFP fusion protein
under anaerobic as well as aerobic
growth conditions (lanes I and 2
and lanes 3 and 4, Fig. 5C). In
accordance with the array data for
chromosomally encoded yobA,
there was little effect of deleting the
furS gene on the level of yobA'::gfp
transcript (second panel; lanes 1 and
2); however, a significant reduction
of this transcript was observed in
cells that slightly overexpressed
EnrS (second panel; compare lanes 3
and 4). These data together with the
transcription profiling indicate that
FnrS acts as an antisense RNA to
repress the yobA-yebZY mRNA in
vivo and suggest that the yobA-TIR
is functionally relevant for this
regulation.

Proteomics—In an attempt to
identify additional targets for FnrS,
we carried out proteomic profiling
of the AfurS strain harboring the
control plasmid pNDM220 (empty
vector) or the pNDM-fnrS vector.
The two strains were grown aerobi-
cally under inducing conditions for
at least five generations in LB
medium, and then whole cell pro-
tein samples were collected and
analyzed by SDS-PAGE. This iden-
tified SodA, the manganese-con-
taining superoxide dismutase (Mn-
SOD), as a protein whose synthesis
is down-regulated in response to
FnrS expression (data not shown).
In addition, we performed a glo-
bal analysis of protein expression
changes after short term expression
of the sRNA. In this approach the
fnrS expression was induced for 30
min. After this, the cultures were
pulse-labeled with [**S]methionine
and concentrated, and their pro-
teins were analyzed by standard
two-dimensional gel electrophore-
sis and autoradiography. Finally,

Because the conserved single-stranded region of FnrS has
extensive complementarity to the yobA-TIR and this puta-
tive pairing is retained in close relatives (supplemen-
tal Fig. S1), we examined post-transcriptional regulation of
the yobA-yebZY mRNA by a translational pXG10-yobA'::gfp
reporter fusion. This fusion encompasses nucleotides —150
to +30 relative to the ATG start codon of yobA mRNA,
cloned in-frame with the gfp gene. As observed for the
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those proteins whose synthesis rates was decreased after FnrS
production were extracted, digested with trypsin, and analyzed
by MALDI-TOF mass spectroscopy. This approach identified
methionine synthase (MetE) and the leucine binding/trans-
porter protein (LivK) as candidates for proteins whose produc-
tion is negatively regulated by FnrS. In addition, the synthesis
rate of glutamine-tRNA synthetase (GInS) was up-regulated
~2-fold in response to FnrS expression (Fig. 6A).
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FIGURE 5. FnrS-mediated repression of cydDC mRNA expression. A, shown
is primer extension analysis of cydDC 5’ end transcript. fnrS deletion strains
containing an empty control vector (pNDM220) or pNDM220-fnrS were
grown aerobically in LB medium at 37 °C to exponential growth phase (A5, ~
0.3). Samples were taken before (lanes 1 and 3; 0 min) and after (lanes 2 and 4;
10 min) FnrSinduction by T mm IPTG. Wild-type and fnrS deletion strains were
grown aerobically in LB medium at 37 °C to exponential growth phase (A5, ~
0.3). Samples were taken before (lanes 5 and 7; 0 min) and after (lanes 6 and 8;
30 min) of anaerobic incubation. B, the transcription start site (black arrow)
was mapped to a position 33 bp downstream of the start site reported by
Cook et al. (61) (gray arrow) (i.e. start site reassigned from position 930254 to
930221 of the E. coli chromosome). Putative —10 and —35 boxes are under-
lined. C, shown is validation of post-transcriptional regulation of the yobA-
yebZY message by a translational yobA::gfp reporter fusion. The experiment as
in Fig. 4E but with the pXG10-yobA'::gfp reporter plasmid.

To confirm the proteomic data, we carried out Northern
analysis for sodA mRNA. Induced expression of FnrS from plas-
mid pNDM-fnrS resulted in a rapid reduction in this transcript
(Fig. 6B, left panel), and the absence of FnrS resulted in a slower
and less efficient down-regulation in response to anoxia (Fig.
6B, right panel). In binding studies, complex formation between
FnrS and a sodA RNA substrate encompassing the TIR pro-
ceeds slowly without Hfq but very rapidly in its presence (Fig.
6C), and also in this case the conserved single-stranded region
of the sSRNA possesses significant complementarity to the TIR
of the sodA mRNA (supplemental Fig. S1). Consistent with
these findings, the absence of FnrS caused an increase in
anaerobic expression of a pXG10-sodA':gfp protein fusion

asEve

APRIL 2, 2010-VOLUME 285+-NUMBER 14

SRNA-regulated Anaerobic Gene Expression in E. coli

(sequences —51 to + 30 of sodA joined to gfp) (~1.4-fold), and
vice versa, the overexpression of the SRNA resulted in greater
than 2-fold reduction in protein as well as in mRNA expression
from the sodA':gfp fusion (Fig. 6D). Taken together these find-
ings suggest that FnrS is also an antisense regulator of Mn-SOD
synthesis.

Finally, we investigated effects of FnrS on MetE synthesis, the
most strongly affected spot on two-dimensional gels upon short
term overexpression of FnrS (Fig. 6A). As a base-pairing inter-
action can be predicted between the conserved single-stranded
region of FnrS and the metE TIR (supplemental Fig. S1) and
most of the complementarity is retained in several enterobac-
teria, we constructed a metE’::gfp protein fusion that encom-
passes the region from —169 to +30 relative to the start of the
metE gene. When slightly overexpressed, the sSRNA down-reg-
ulated aerobic mRNA and protein expression of this fusion by
2.5-fold, and an furS deletion strain showed a significant
increase (~2-fold) in protein as well as mRNA levels in anaer-
obic expression of the fusion (Fig. 6E). Thus, the metE tran-
script is likely a direct target for the anaerobically induced
sRNA. Consistently, anaerobically sodA as well as metE expres-
sion was known to be negatively regulated by FNR though an
undetermined mechanism (32, 34).

DISCUSSION

Enteric bacteria such as E. coli and Salmonella are highly
versatile chemoheterotrophs that can use a wide variety of
growth substrates under aerobic and anaerobic conditions,
generating energy from either fermentation or aerobic or
anaerobic respiration. Many of these catabolic pathways are
controlled in response to the availability of oxygen and alterna-
tive electron acceptors at the level of gene expression More-
over, many of the metabolic transitions between aerobic and
anaerobic states are controlled at the transcription level, pri-
marily by the activities of two anaerobically activated gene reg-
ulatory systems composed of FNR and ArcA/B (26). A primary
role for FNR is to coordinate carbon and energy metabolism
under anaerobic growth conditions, and results from global
gene expression profiling revealed that a very large number of
genes (~200 operons) directly or indirectly are controlled by
FNR (32-34).

In the present work we have identified a novel member of
the FNR regulon, the conserved Hfq-binding sSRNA FnrS.
The transcription of this RNA species is strictly dependent
on FNR, and thus, it can hardly be detected in cells deleted
for the fur gene or in cells grown aerobically. The results of
stability experiments revealed that FnrS, like several well
studied stress-induced sRNAs, was much more stable in the
absence than in the presence of ongoing transcription, sug-
gesting that it acts by an antisense mechanism and that FnrS
decay is coupled to that of its mRNA target(s). Accordingly,
we employed global proteomic and transcriptomic profiling
for identification of putative target RNAs. To discriminate
between direct and indirect effects of FnrS expression, two
different conditions were employed. First, a long term effect
of sSRNA expression was investigated by comparing the tran-
scriptome of wild-type and furS deletion strains during
anaerobic growth. Second, the consequence of controlled
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FIGURE 6. Effect of FnrS expression on the protein pattern of E. coli. A, the figure shows the relevant part of
two-dimensional gels of strains AfnrS/pNDM220 (control) and AfnrS/pNDM220-fnrS. Cells were grown to log
phase in minimal medium supplemented with glucose and then induced with 0.5 mm IPTG for 30 min at 37 °C.
After this the cultures were labeled with [>*SImethionine for 2 min and concentrated by centrifugation, and
their proteins were analyzed by standard two-dimensional gel electrophoresis and autoradiography. The
arrows indicate the position of proteins whose net synthesis rate was markedly altered upon FnrS expression.
B, left panel, FnrS mediated repression of sodA expression. Strains S@928AfnrS/pNDM220 (control) and
S@928AfnrS/pNDM220-fnrS were grown aerobically in LB media to an A5, of 0.4 and then induced by addition
of IPTG (final concentration 1 mm). Samples were taken before (time 0) and 10 min after induction, and total
RNA was extracted. The sodA mRNA and FnrS RNA levels were analyzed by Northern. B, right panel, shown is the
effect of fnrS deletion on sodA expression. Aerobically grown cells of S@928 and S@928AfnrS were shifted to
anoxia at time 0. Samples were taken at the indicated times, and RNA was extracted and probed for sodA mRNA
and FnrS RNA. C, Hfg cooperates in RNA-RNA interaction. Samples containing 5’ end-labeled FnrS RNA (2 nm)
and increasing amounts of unlabeled sodA,_, 5, substrate (covering the transcription start site to 97 nucleo-
tides downstream of the translation start site) were incubated in the absence (lanes 7-4) or in the presence of
Hfq (lanes 5-8), and complex formation was monitored in a electrophoretic mobility shift experiment. sodA’
RNA concentrations were as indicated, and the Hfg hexamer concentration was 0.33 um. Unbound FnrS RNA
and complexes corresponding to Hfg-FnrS RNA and FnrS RNA-Hfg-sodA’ RNA are indicated by arrows.
D, shown is validation of post-transcriptional regulation of sodA expression by a translational sodA::gfp reporter
fusion. The experiment was as in Fig. 4E but with the pXG10-sodA’::gfp reporter plasmid. E, the experiment was
the same as D but with pXG10-metE’::.gfp reporter plasmid.

roles and their expression patterns
reported in previous studies.

The expression of several genes
connected to oxygen utilization is
down-regulated or switched off in
response to anoxia. A well studied
example is Mn-SOD (coded for by
the sodA gene) that protects cells
from oxidative damage by removing
superoxide radicals, a highly toxic
form of oxygen produced as an
inadvertent byproduct during the
reduction of O, to H,O in respira-
tion. First, ArcA represses sodA
transcription in anaerobiosis, cou-
pling its expression to aerobic respi-
ration (56). Second, characteriza-
tion of regulatory mutations that
caused moderate anaerobic dere-
pression of sodA:lacZ protein
fusions identified FNR as an addi-
tional negative regulator of sodA
expression that increases the down-
regulation further (~6-fold) (56,
57). In addition to the gene regula-
tory studies, anaerobic gene ex-
pression profiling in E. coli K-12
revealed elevated expression of the
sodA gene (2.4-2.8-fold) in FNR-
deficient strains compared with
wild-type (32, 33). However, no
obvious sequences that resemble the
FNR consensus sequence seemed to
be present in the sodA promoter
region, suggesting that FNR-medi-
ated repression of this gene is indirect
(57, 58). In line with these data, we
found that the cellular level of sodA
message was down-regulated upon a
sudden shift to anoxia and that the
down-regulation was significantly
more efficient in the presence than
in the absence of FnrS (Fig. 6B, right
panel). Furthermore, we observed

short term expression of FnrS on the transcriptome/pro-
teome was examined in the furS deletion strain grown aero-
bically. By focusing on genes whose expression levels
changed reciprocally between the two conditions, the mRNA
profiling resulted in 11 differentially expressed transcripts of
which 10 were regulated negatively by FnrS. Notably, in
independent work by Durand and Stortz (55), 9 of the latter
transcripts were also found to be down-regulated after FnrS
overexpression in whole genome expression analysis. Fur-
thermore, our proteome analyses resulted in three negatively
and one positively regulated candidate targets. Finally, we
validated the regulation of five of the repressed targets by
one or more independent experiment(s). In the following we
will discuss these targets in the context of their metabolic
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that the sodA mRNA level rapidly declined upon short term
controlled induction of FnrS. In addition, we found that com-
plex formation between FnrS and the TIR region of the sodA
transcript proceeds very slowly without Hfq but readily in its
presence. These results together with repression studies of a
GFP-based target fusion (Fig. 6D) led us to propose that the
anaerobic repression of sodA expression by FNR is mediated
post-transcriptionally by FnrS.

In a similar manner we validated the FnrS-mediated down-
regulation of the expression of sodB, encoding the alternative
cytoplasmic superoxide dismutase, Fe-SOD, that contains iron
rather than manganese. In prior studies no transcriptional con-
trol of the sodB gene was observed, but the sodB mRNA level
has been found to be elevated 28-fold (34) and 2.4-fold (32, 33)
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by deleting the fur gene of E. coli strains grown anaerobically in
LB and glucose minimal medium, respectively. In agreement
with a direct physical interaction between FnrS and the sodB-
untranslated region, we found that sSRNA regulation in vivo as
well as duplex formation in vitro were compromised in the
absence of Hfq (Fig. 4). Furthermore, a translational control by
FnrS is consistent with the fact that no DNA binding site for
ENR was observed in the sodB promoter region. Clearly, the
“oxidative” function of SodA and B provides a logic rationale for
down-regulating their production under anaerobic conditions,
and a translational regulation that can be switched off rapidly
might be advantageous against sudden exposures to oxygen.

A s0dA/B double mutant mutates spontaneously at a very
high rate and is severely compromised in aerobic survival.
Thus, the presence of two highly homologous superoxide dis-
mutases has been attributed to differences in regulation and/or
roles in oxidative stress (59). In this context expression of both
sod genes is under control of the Fur protein, which in the
presence of sufficient iron represses the transcription of genes
involved in iron assimilation. Under such conditions sodA tran-
scription is partially repressed by Fur, and Sod enzyme is mainly
produced from the sodB locus. When iron becomes scarce, Fur
becomes inactive, resulting in derepression of sodA transcrip-
tion; however, only under conditions in which FNR and ArcA
are inactive (i.e. in presence of O,). Hence, Fur has no effect on
anaerobic transcription of sodA (56, 58). In contrast, SodB pro-
duction is down-regulated when iron becomes scarce, as
expression of the sodB locus is controlled negatively at the post-
transcriptional level by the Fur-repressed small RNA RyhB (5,
17); i.e. when Fur repression becomes inactive, RyhB is rapidly
expressed, and the sRNA pairs with sodB-TIR in an antisense
manner, which blocks translation (60). Clearly, the presence of
two differentially regulated sod genes allows the cell to produce
adequate amounts of enzyme under various growth/stress con-
ditions. In addition, the sod regulatory case provides an inter-
esting example of Fur regulation of a “non-iron” protein as well
as a significant example of dual SRNA control of a single target
RNA.

The two operon candidate transcripts, cydDC and yobA-
yebZY, were previously considered to be repressed by FNR (32,
61). In gene expression profiling, cydDC showed a ~2-fold and
yobA-yebZY showed a ~3-fold increase under anaerobic con-
ditions in FNR-deficient strains (32, 33) and, thus, display reg-
ulatory patterns very similar to those observed in an FnrS-defi-
cient strain (Table 1). Potential FNR binding sites have been
recognized in the promoter regions of both operons (32, 61). In
cydD-P the site (5'-TTGATN,AaCgc-3’, where lowercase let-
ters are used to indicate bases that do not match the FNR site
consensus) is centered 123 bp upstream of the transcription
initiation site (Fig. 5B). However, a mutation in fir did not affect
anaerobic expression of an ®(cydD-lacZ) operon fusion, sug-
gesting that FNR repression is indirect and mediated at the
post-transcriptional level (61). In agreement with this view, we
observed a marked decrease in the 5’ end portion of cydD
mRNA upon short term induction of FnrS expression (Fig. 5A4).
CydDC proteins are responsible for transport of glutathione
from the cytoplasm to the periplasmic space for maintenance of
the optimum redox balance in this compartment (52, 53), and
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therefore, it would make biological sense to down-regulate
these transporters when the environment becomes depleted for
oxygen.

In the yobA promoter region the putative DNA site for FNR
(5'-TTGATgatccTCgAc-3') is centered 67 bp upstream of the
translation start site, but the transcription initiation site has
not yet been examined. Thus, further analysis is necessary to
determine whether FNR directly regulates the expression of
this operon. However, it is clear from the yobA::gfp fusion
studies that FnrS negatively affects production of fusion pro-
tein as well as fusion transcript. Based on this finding and the
fact that FnrS has extensive complementarity to the yobA-
TIR (supplemental Fig. S1) it would seem safe to predict that
FnrS acts by an antisense mechanism to down-regulate
yobA-YebZY expression.

Among negatively regulated candidate transcripts, gpmA
displayed the highest amount of regulation (~5-fold, Table 1).
Similarly, gpmA was previously found to be repressed by FNR;
however, no potential FNR binding site was recognized in the
gpmA promoter region (32, 61). Currently, we are exploring the
FnrS-mediated regulation of the production of the glycolytic
enzyme GpmA under different growth conditions, including
anaerobic respiration as well as the molecular mechanism for
shutting off its production. In this regard FnrS down-regulation
of gpmA mRNA as well as four additional targets (i.e. marA,
folE, folX, and sodB) was validated in parallel by Durand and
Stortz (55).

Finally, by proteomics we identified two proteins engaged in
transport or synthesis of amino acids whose production was
decreased upon short term induction of furS transcription. The
most strongly affected synthesis rate was for MetE (Fig. 64,
top), and data from in vivo expression assays for a metE::gfp
translational reporter fusion were indicative of translational
control (Fig. 6E). In support of this view, previous studies dem-
onstrated that metE expression exhibits a 5-fold increase under
anaerobic conditions in an FNR-deficient strain (32), and after
the transition from anaerobic to aerobic growth in minimal
medium, wild-type cells were found to rapidly induce metE
mRNA and MetE protein synthesis (62, 63). Furthermore, the
conserved single-stranded region of FnrS and the metE-TIR
have potential for base-pairing, and the complementarity is
retained in relatives such as Salmonella, Klebsiella, and
Citrobacter (supplemental Fig. S1). Regarding a biological role
of the FnrS-mediated regulation, it has been established that
the biosynthetic enzymes MetE and GTP cyclohydrolase (FolE)
(also a potential target, see Table 1) are among the proteins
most susceptible to oxidation in E. coli (64, 65). In fact, there is
experimental evidence suggesting that MetE oxidation poses
problems, resulting in methionine starvation, during the tran-
sition from anaerobic to aerobic growth (63). Thus, the FnrS-
mediated control may play a role in rapid adaptation to anaer-
obic-aerobic transitions.

In summary, we have identified a conserved anaerobically
induced small regulatory RNA that plays a significant role in
FNR-mediated gene regulation at the post-transcriptional level.
Specifically, our results revealed that the sSRNA down-regulates
the expression of various classes of genes ranging from genes
with aerobic functions to genes with housekeeping functions in
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energy production and biosynthesis. Our findings expand the
list of global regulators known to control sSRNA expression,
thereby reinforcing the assumption that all major regulons are
likely to include at least one small RNA regulator (3, 66).
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